ABSTRACT Topoisomerases maintain the proper topological state of DNA. Human topoisomerase I removes DNA supercoils by clamping a duplex DNA segment, nicking one strand at a phosphodiester bond, covalently attaching to the 3 0 end of the nick, and allowing the DNA downstream of the cut to rotate around the intact strand. Using molecular dynamics simulations and umbrella sampling free energy calculations, we show that the rotation of downstream DNA in the grip of the enzyme that brings about release of positive or negative supercoils occurs by thermally assisted diffusion on ratchet energy profiles. The ratchetlike free-energy-versus-rotation profile that we compute provides a model for the function of topoisomerase in which the periodic maxima along the profile modulate the rate of supercoil relaxation, while the minima provide metastable conformational states for DNA religation. The results confirm previous experimental and computational work, and suggest that relaxation of the two types of supercoils involves distinct protein pathways. Additionally, simulations performed with the ternary complex of topoisomerase, DNA, and the chemotherapeutic drug topotecan show important differences in the mechanisms for supercoil relaxation when the drug is present, accounting for the relative values of relaxation rates measured in single-molecule experiments. Good agreement is found between rate constants from tweezer experiments and those calculated from simulations. Evidence is presented for the existence of semiopen states of the protein, which facilitate rotations after the initial one, as a result of biasing the protein into a conformation more favorable to strand rotation than the closed state required for nicking of the DNA.
INTRODUCTION
Topoisomerases are enzymes with a crucial role in the genetic transactions of the cells: they modify the supercoiling topology of DNA, which in turn affects transcription, replication, recombination, nucleosome dynamics, and a host of other processes vital to cell proliferation (1) (2) (3) (4) . They are divided into two classes: type I enzymes, which relax supercoils by nicking one phosphodiester backbone strand and passing the other strand through the nick (5,6); and type II enzymes, which concurrently break both strands and, with energy provided through ATP binding and/or hydrolysis, may increase or decrease the DNA linking number (7) . Both classes are further subdivided into types A or B, depending on whether they covalently attach to the 5 0 -or 3 0 end. Human topoisomerase I (topo1), a type IB enzyme, consists of a single chain of 765 amino acids. Its structure in complex with duplex DNA (8) consists of four domains (see Fig. 1 ): the N-terminal domain; a core domain (further divided into three subdomains); an a-helical linker domain; and the C-terminal domain. The N-terminal domain is likely a disordered region that contains nuclear localization signals, and its first 190 amino acids are not required for activity in vitro (9) (10) (11) . Core subdomains (CS) I and II form a cap positioned onto the DNA duplex ( Fig. 1) , and contain a pair of a-helices forming the so-called nose cone that sits close to the bound DNA. The cap is connected to core subdomain III by a short hinge helix (termed such because on it hinges the opening motion of the lips, see below), whereas the core subdomain III and the C-terminal domain, which contain the catalytic site, are connected by the linker domain (the latter protruding roughly parallel to the DNA helical axis (see Fig. 1 B) ) and form a lower base.
Together with the upper cap, the lower base forms a PacMan-like clamp that grips around DNA, with hydrogen bonds between CS I and III forming between the lips of the protein (8, 12) (the portion of the protein that dynamically opens and closes to allow for clamping about the DNA upon binding). The DNA-topo complex reveals the structural basis of a swivel mechanism (proposed as early as 1972 (13) ) for the enzyme's function. It involves the protein clamping around DNA, nicking it, and forming a covalent bond between the active-site tyrosine and the 3 0 end of the DNA upstream of the cut, while hydroxylcapping the 5 0 end of the downstream DNA. After this enzymatic step, supercoils are relaxed by rotation of the DNA duplex downstream of the cut around the intact strand; the drive to rotate is provided by the energy stored in the supercoils and the number of full rotations of the downstream DNA equals the number of supercoils that are eliminated. Subsequently, the DNA backbone is religated, and the protein releases the DNA.
The importance of human topoisomerase I for cell replication has made it a prime chemotherapeutic target. The camptothecin class of compounds has been found to selectively inhibit topo1 (14, 15) . A crystal structure was solved in which the camptothecin analog topotecan (TPT) was complexed with a topo1 molecule and a 22-basepair DNA segment (8) . The structure revealed that TPT, a five-ringed molecule which mimics a DNA basepair, intercalates between the DNA segments upstream and downstream (see Fig. 1 D and Fig. S5 in the Supporting Material), creating base-stacking interactions with basepairs immediately up and down relative to the cut, and forcing the free 5 0 -OH group further away from the active-site tyrosine. It was proposed that this increased separation would substantially decrease the probability for religation of the backbone, trapping the topo/DNA/TPT ternary complex in a covalently attached state that would prohibit interaction of the DNA with cellular machinery for replication and transcription.
Once clamped around the DNA, the various structural components of the topo/DNA complex, i.e., the two PacMan lobes (see Fig. 3 ) formed by the upper cap and the lower base, decorated by the linker, lips, and hinge, are assembled such that they grip the DNA and control its swiveling inside the protein (16) . This controlled rotation model for a related topo IB enzyme, vaccinia topo IB, was confirmed in real-time measurements by a remarkable single molecule tweezer study (17) that used optical tweezers to twist supercoils into DNA, supercoils that were subsequently relaxed when topoisomerases were allowed to bind and perform their function. By measuring the rate of DNA swiveling, the study showed that DNA does not rotate freely, but that there is friction between the DNA and the engulfing vaccinia topo IB enzyme as the DNA rotates. This friction is expected to be even more prevalent in the case of the human topo IB, because the human form of the enzyme clamps by surrounding DNA more substantially than the vaccinia form (8, 17, 18) . However, inspection of the structure of the human topo1 in the closed form shows that the clamping of the protein onto the DNA duplex is so tight that rotation of the DNA inside of it is impossible without some degree of protein structural rearrangement. This is because the DNA duplex downstream of the cut does not rotate around the helical axis (a steric impossibility), but off-centrically, i.e., around an axis parallel to the double-helical axis but passing through the periphery of the upstream DNA duplex (see Fig. 1 C) .
Concurrent with the single molecule work on vaccinia topo IB, in computational work on human topoisomerase IB (19), we suggested, based on evidence from biased molecular dynamics, i.e., from simulations which forced the rotation of the DNA inside the protein's grip, that the protein undergoes opening of the upper cap and lower base. Results were compared with two independent disulphide-clamping studies (20, 21) in which a cysteine crosslink was engineered such as to suture the upper and lower lips so that their opening was hindered. The locations of the Cys residues involved in the cross-link were, in the two studies, in relatively close proximity of one to another. The results from the study by Woo et al. (20) demonstrated an inhibition of DNA rotation when the disulphide clamp was proximal to the DNA rotation axis, whereas the more distal clamp engineered by Carey et al. (21) had little effect on the rotation rates. The contradictory results suggested that subtle protein changes to the protein's conformation in the unrotated state may result in larger-than-expected deviations from the enzymatic pathway of the wild-type. More recently, it has been shown that the disparity in these studies may be a result of the difference in whether the N-terminal domain was actually present, and on its role in vivo versus in vitro (22) . Importantly, both disulphide linking studies above were done with positive supercoils only. By rotating the DNA in both clockwise and anticlockwise directions-as required to relax supercoils of both signs-we found in our simulations that the relaxation of positive and negative DNA supercoils progressed along different pathways. When positive supercoils were present, DNA rotation induced an opening of the lips region of the protein by 10-14 Å to create space for downstream DNA swiveling, while to allow relaxation of negative supercoils, the hinge region stretched by~12 Å . Evidence supporting our model of distinct pathways for positive-versus-negative supercoil relaxation was presented in experimental work by Frøhlich et al. (9) , which showed that mutations to Trp 205 confer selective camptothecin resistance to the relaxation of positive supercoils but not negative ones, suggesting distinct mechanisms for relaxing positive and negative supercoils. The asymmetry between positive and negative supercoils is also expected based on theoretical grounds. For example, statistical-mechanical arguments have been proposed (23) in a theory that can describe relaxation of supercoiling by enzymes which permit frictioncontrolled rotational relaxation of linking number. In this theory, such enzymes must display a breaking of symmetry between relaxations driven by equal magnitude but opposite direction torques. As we will show below, from our calculated free energy profiles, this asymmetry has to do with the different barrier width in the positive-versus-negative direction.
The single molecule tweezer experiment done on vaccinia topoisomerase DNA complex (17) was subsequently repeated for the human topo1-DNA complex, as well as for the human topo1-DNA-TPT complex (24) . Although the measured rate for DNA supercoil relaxation appeared to be similar for positive (overtwisted) and negative (undertwisted) supercoils in the absence of TPT, the combination of single-molecule and in vivo experiments suggested that, remarkably, TPT inhibited the relaxation of positive supercoils substantially more than that of negative ones (24) . A 20-fold selective inhibition in the rate of positive supercoil relaxation (relative to the absence of TPT) by topo1 was measured, as compared to negative supercoils being inhibited only by fourfold; this resulted not only in the retardation of enzymatic function, but also the buildup of positive supercoils in poisoned cells. The single molecule observation, the fact that positive uncoiling is faster than the negative one, was confirmed by the in vivo probes, which showed a buildup of positive supercoils in yeast cells during G1 and S phase as topo1 preferentially removed negative supercoils (24) .
In our work, we asked ourselves the following questions:
What are the mechanisms and energetics underlying the protein-controlled rotation of DNA? Why do the rates differ significantly when TPT is bound?
How can we reconcile the hypothesis put forth in our previous molecular dynamics work (the existence of different pathways for positive and negative supercoils) with the values of rotation rates measured in the single molecule experiments probing DNA swiveling in the grip of the enzyme?
To offer a quantitative analysis, in this article we compute free energy profiles for the rotation of DNA downstream of the cut in the central pore of human topoisomerase I to mimic the relaxation of positive and negative supercoils. These calculations are done both in the presence and in the absence of TPT, i.e., on a ternary complex that contains DNA, topoisomerase, and TPT, and on a binary DNA/topoisomerase complex. The calculations show that DNA supercoil relaxation can be modeled along a reaction coordinate involving DNA rotation over a ratchetlike free energy profile, with thermally assisted rotation-relaxation by passage over free energy barriers and with metastable minima after full DNA rotations in DNA conformations from which religation can occur. The free energy profiles are used in the context of Kramer's rate theory to calculate rotation rate constants, and the results are used to determine how TPT alters the mechanisms and energies of supercoil relaxation.
Comparison of the single-molecule experiments by Koster et al. (24, 25) on the DNA-topoisomerase complex with and without TPT bound reveal two striking features: 1), with TPT, rotation is slower; and 2), that no religation takes place. We here show that the first feature is explained by rotation in a semiopen state with different free energy barriers compared to the absence of TPT, and that the second feature may be explained by a large barrier to go from semiopen to closed in the positive case. Using umbrella sampling simulations, we calculate a free energy profile along the DNA rotation coordinate as it swivels inside the grip of topo1 to release positive and negative supercoils, with and without TPT. For both positive and negative torques, the calculation yields a unidirectional, rotating ratchet energy surface, and we identify the torque-dependent metastable states and the free-energy barrier heights connecting them. The main points, detailed in Results, are as follows.
First, a hypothesis results from the simulation and involves the existence of semiopen, kinetic intermediates in the form of two semiopen states for the two different sign supercoils. Then, as indirect evidence, there is the fact that the rates computed from the free energy profiles for DNA relaxation from semiopen states, rather than from closed states, are more in agreement with single molecule experimental data-which lends credence to a semiopen state hypothesis.
METHODS

Umbrella sampling for free energy profiles
Details about system construction, MD simulations, and umbrella sampling have been placed in the Supporting Material. To summarize: the MD package NAMD (26) was used in four sets of umbrella sampling simulations, two simulating overtwisting and two simulating undertwisting, and Biophysical Journal 99(3) 869-878 with and without the inhibitor topotecan. Windows were sampled in 10 increments from À10 to 560 (or from 10 to À560 in the case of negative supercoils) and were simulated for a minimum of 10 ns using NAMD (26) (longer for those windows which had not fully equilibrated in the binary/ positive supercoil system) for a minimum of 10 ns per window, with the final 4 ns being used in the WHAM algorithm (27) .
First-passage times from Smoluchowski diffusion
We calculated rate constants for topo-modulated DNA rotation by numerically integrating the Smoluchowski equation describing diffusion on the computed free energy profile. Rates were computed as the inverse of the mean first-passage time (28) from a location x to one revolution beyond x, x 5 360 (depending on the sign of the supercoils being released) as
where U(x) represents the free energy at x and D is the rotational diffusion coefficient, which was position-dependent and calculated from the individual umbrella windows (29, 30) . The rotational diffusion coefficient, D 0 , of the DNA explicitly modeled in our simulation depended on the reaction coordinate Q according to
This calculation was performed for each window, with D(Q) 2 representing the variance of the reaction coordinate observed therein, and t corr the correlation time from that window, as calculated from the statistical inefficiency of the data (31). The rotational diffusional coefficient for DNA is dependent on the length of the DNA sequence (32, 33) . Thus, while simulations were performed by rotating nine restrained basepairs, a correction factor for the diffusion coefficient calculated from simulations, D 0 , was required to calculate an experimentally observable value of D for a DNA duplex that is as long as the persistence length,
with l the persistence length (50 nm), l 0 the length of the nine restrained basepairs in the simulation (2.97 nm), and r the DNA radius (1.4 nm). D BN represents the functional form of the rotational diffusion coefficient of a rigid-rod as derived by Newman et al. (32) . The Marko model (23) for torque was derived through a statistical mechanical approach in which the free energy of the plectonemic and elongated states was minimized for a given tension. Accordingly, the critical torque is (23) 
where g is the free energy of the extended-state, C s the twist stiffness of the extended state, and P the stiffness of the plectonemic state. The first two quantities are given as functions of the tension, and an estimate is made for the third. To fit the data of Forth et al. (34), we have introduced a linearly variable P (because linear dependence provided the best fit) of the form P(f) ¼ 35.3-3.4f. As this creates values for P beyond the estimated 21-27 nm, the overall fit is improved for the range where experimental data exists.
RESULTS
Ratchetlike free energy profiles for DNA rotation
In Fig. 2 we showcase the central result of our simulations, the free energy profiles for positive and negative supercoil relaxation, i.e., with the positive and negative driving torque on the rotating DNA duplex from the torsional strain built up through supercoils added to the computed potential of mean force U,
where q is the rotation angle and G c the applied torque, which is constant (for a given tension) when sufficient torque has been applied such that additional twist energy is transformed into writhe (that is, the DNA backbone coils about itself) to form plectonemes (supercoiled DNA structures with highly nonlinear axis). Three overall features of the profiles are salient:
1. The tilting of the rotation energy landscape (toward positive or negative rotation angles) is brought about by the torque stored in the DNA positive or negative supercoils, respectively. This, in turn, results in unidirectional rotation downhill on a ratchetlike energy landscape. 2. The minima along the rotation profile occurs after complete rotations, when the nick returns close to the prenicked position. These are positions in which DNA is prone to religation, after sufficiently many supercoils are relaxed; see schematic in Fig. 3 . 3. The rotation energy maxima occur at nearly half-turn rotation (where the diameter of the rotation cylinder is maximal); thermally assisted diffusion over these barriers modulate the rate for rotation, hence for supercoil relaxation.
In the tweezer experiments, DNA is not only twisted (to induce a supercoiling torque), but also pulled; the applied tension modulates the torque G c . An analytic formula relating the dependence of the torque on tension applied to a supercoiled DNA molecule was proposed by Marko (23) based on the stiffness of the plectonemic and extended states. Recently, this torque was experimentally measured for tensions >1 pN and compared to the Marko model (34, 35) . As presented in Methods, we use a modification to the Marko model which was performed to fit the experimental data of Forth et al. (34) . Whereas a range of 0.2-3 pN have been applied in studies on vaccinia topo1B, the work with human TopoIB was performed with a tension of 0.2 pN, yielding a value for G c corresponding to an approximate free energy change of 5.8 kcal/mol/supercoil relieved. Table 1 shows how this affects the energy barriers of the systems, decreasing them by~2-4 kcal/mol and lowering the energy of the first minima to below that of the initial closed state.
The single molecule work demonstrated that multiple supercoils were relieved per nicking event in these enzymes, and that the change in linking number has a probability distribution that can be modeled as a decaying exponential that is modulated by the tension in the downstream DNA (17) . These findings are inconsistent with a protein-assisted strand-passage mechanism (the model suggested by experiments for type IA and II topoisomerase) but is fully consistent with a swivel mechanism as modeled here.
Relaxation of positive supercoils
Simulations of the relaxation of positive supercoils by the topo/DNA complex in the absence of TPT showed an opening of the lips region by as much as 18.5 Å in some windows, similar to our previous results (see the Supporting Material). Surprisingly, in contrast, the calculations for the ternary DNA-topo-TPT complex show that the hydrogen bonds between the lips are not broken by rotation of the downstream DNA. The potential of mean force for these processes shows less energy input is initially required to rotate the DNA in the ternary complex, but, at~80
, rotations become more prohibitive due to the lack of opening of the lips. Because TPT forces DNA out of the protein binding site, there is less protein-DNA rotational friction initially (hence the lower energy), but this results in the DNA not providing enough push on the protein to open the lips, which results in increasing the energy barrier for the initial rotations.
When the DNA has completed its first revolution, the protein does not return to its original closed conformation. Rather, in the binary complex, it assumes a state where the lips are still separated from one another by~8 Å ; we term this intermediate the semiopen state (see Fig. 5 C) . In the absence of the biasing torque, this state has a free energy 1.7 kcal/mol higher than that of the closed state, Although the semiopen and deformed states are unfavorable in relaxed systems, the energy provided by the release of supercoils makes them favorable and also reduces the second energy barriers to the range of 3-7 kcal/mol.
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and calculations show that the second DNA rotation (begun in the semiopen state) has an energy barrier of 7.2 kcal/mol. The ternary complex also has a higher energy after one revolution (by 4.1 kcal/mol); however, the protein's conformation has not changed dramatically (the protein rootmean-square deviation (RMSD) when not including the linker region is~3.25 Å from its initial state compared tõ 5.3 Å for the binary complex). The higher energy is a result of slight modifications to the system structure (such as the downstream DNA having an RMSD of 3 Å rather than 2 Å ). However, in general, we note that the state is close to that of the original closed conformation. These slight deformations do nonetheless decrease the energy barrier for a second rotation to 9.2 kcal/mol.
To characterize the overall concerted motion of the entire protein structure as DNA rotates inside, we computed the position-position cross-correlation functions for the C a atoms of topo1. Data is presented in Fig. 4 B, with the top-half representing the motions of the atoms in the native system and the bottom-half those in the inhibited one (with TPT). There are three regions which have motions highly correlated to one another: CS I and II (the upper cap) move as one unit, CS III and the C-terminal (the lower base) as another, and the linker domain as a third. There is also a negative correlation between the motions of the cap and that of the CS III/C-terminal region indicating that, as the lips separate, these two regions, which are on opposite sides of the protein, move apart from one another. Interestingly, we note a slight positive correlation between the motions of the cap and the linker domain. The presence of TPT (bottom half of Fig. 4 B) shows a dampening of correlations between amino acids that are not in the same domain as each other. These results further indicate that intercalation of TPT into the DNA helix fundamentally disrupts the protein motions that allow for efficient supercoil relaxation.
Relaxation of negative supercoils
Calculations of negative supercoil relaxation reveal that the hinge region of topoisomerase appears to open by~11 Å in the absence of TPT, and, akin to the case of positive supercoils, the presence of TPT prevents the hinge from opening (see the Supporting Material). Unlike the case of positive supercoils, the lack of enzyme opening does not increase the energy barrier to a point higher than that of the binary free energy barrier (Fig. 2) .
Akin to the case of positive supercoil relaxation, for which the lips did not return to their closed conformations after a complete rotation, the hinge region of the protein remains open after a single rotation, creating a different semiopen state (as shown in Fig. 5 B) . In the absence of the driving torque, the energy change is 2.6 kcal/mol and the barrier for a second rotation is 5.0 kcal/mol. There is also a deformed state for the ternary complex with an energy of 1.5 kcal/mol and which has an energy for a second rotation of 5.8 kcal/mol. Calculations show that in this deformed state the cap region has an RMSD of~5.5 Å (compared to~3 Å in the binary case) but that the internal structure of CS I and CS II do not change significantly (their RMSD are <3 Å ), indicating that it is the interaction geometry between the two subdomains that creates this deformed state.
The cross-correlation maps for negative supercoils (Fig. 4 A) show a similar interdomain communication structure to that of positive supercoils: the cap region has strong internal correlations as do the CS III and the C-terminal domains of the lower base. The motions of the cap are much more strongly correlated to those of the linker (being mostly positive whereas in the positive supercoil case it is mostly negative) and the motions are still negatively correlated to those of the base (CS III and the C-terminal domains). Topotecan appears to have a much stronger effect on decorrelating the motions between domains than in the positive supercoil case, and in fact, it even decorrelates some of the motions between CS I and II.
DNA rotation rates
Integration of the Smoluchowski equation (as discussed in Methods) allowed for the derivation of rate constants for both the first and second rotations, which are shown in FIGURE 4 Correlation functions of protein C a atoms for positive and negative DNA supercoil relaxation, both for the free (top half) and inhibited (with TPT, bottom half) rotations. We observe that intercalation of TPT into the DNA helix fundamentally disrupts the protein motions that allow for efficient supercoil relaxation, and this disruption is more prevalent for negative supercoils than for positive ones.
Biophysical Journal 99(3) 869-878 Table 2 (along with the values from the single-molecule experiments (24) ). It is to be noted that the estimated rates from the Kramer theory correspond to a simple onedimensional profile, which, even if physical, brings together tremendous complexity. Nonetheless, reasonable accord with experiments is found. The rate constants for relaxing the first supercoil show a very strong inhibition by topotecan of positive supercoils (~232-fold) and an increase in rate by 38-fold for the addition of TPT to systems that relax negative supercoils. For systems beginning in a semiopen (or deformed) state, the effects of TPT on rotation rates are much closer to experimental values. TPT provides an inhibition of 25.5-fold relative to positive supercoils (compared to the ratio of 20 in the experiments) and for negative supercoils the rates are similar to one another (topotecan rates are higher by 30%) as is seen in experiments where the inhibition by TPT is minimal (24) . These calculations provide further evidence that it is the second barrier, where the system starts in a semiopen or deformed state, that is repeatedly traversed during in vivo multiple relaxation-enabling rotations; the in vitro experiments indicate that there arẽ 10-20 supercoils removed per nicking event. Although we have induced a closed-to-semiopen conformational change by the first DNA rotation imposed during umbrella sampling, a formal possibility also exists for a conformational change from the closed-to-semiopen state before any rotation and triggered solely by DNA binding and protein fluctuations. The lack of a proper reaction coordinate for this possible change precludes, however, any quantitative estimation of the barrier height that would be involved. It is also of interest to note that the rotational diffusion coefficients (as described in Methods) show a dramatic increase as the DNA begins its rotation, levels out when the DNA has completed half of a revolution, and drops to its initial value upon returning to its initial configuration for all four systems studied (see Fig. S1 ). Rate calculations for negative supercoil relaxation do show a higher quantitative value than those for positive supercoils by 4.2-fold for a given tension, whereas experiment shows little discrepancy between the two. This is likely due to an incomplete understanding of the correlation between tension and torque for negative supercoils. Although formalisms such as those provided by Marko provide a fair description for positively supercoiled molecules, there is the possibility that, for a given choice of parameters, they do not provide an accurate description for negative supercoils (in fact it is known that mechanical properties of positive and negative supercoils are quite distinct from one another (36) (37) (38) ). As an example, when we lower the plectonemic stiffness of negative supercoils to 21 nm, the free energy change is reduced by 2.2 kcal/mol/supercoil and the rate of negative supercoil relaxation decreases by 2.4-fold, to yield the value of 62 Hz, which is close to the experimentally determined one (~61 Hz).
TPT during DNA rotation: relaxation inhibition
It is conceivable that TPT, once bound at the nick site, inhibits supercoil relaxation by either slowing down rotation or by impeding religation, but which of the two mechanisms is predominant is unknown. Also unknown are the different details of inhibiting the positive vs. negative supercoil relaxation. Mutations to several amino acids have been implicated in imparting resistance to camptothecin (an analog of topotecan) in its inhibition of topoisomerase activity (39, 40) . Two amino acids in particular, Asp 533 and Asn 722 , have been deemed especially important: the first forms the only direct contact between the ligand and the protein, whereas the second forms a water-mediated interaction (41, 42) . The position of Asp 533 is stabilized by Arg 364 on the opposing lip, therefore mutations to residues that affect the conformation of Arg 364 also tend to induce resistance. Crystal structures of a ternary topo-DNA-camptothecin complex have advanced models for resistance which focus on the ligand stabilization in the pre-and postrotation complexes (42) . However, another important factor in these mutations, unaddressed previously, is their effect on drugs while rotation is occurring. This is important to gauge inasmuch as an unstable protein/drug complex may result in the compound separating from the active site while it is exposed to solution during rotation of the downstream DNA. Our simulations of the ternary complex for the release of positive supercoils show a disruption of the Asp 533 -TPT interaction (see Fig. S5 ). As the DNA begins to rotate, it passes over Asp 533 and Arg 364 , disrupting both of their positions and breaking the hydrogen bonds with the TPT (see Fig. S5 b) . After this, TPT diffuses around the active site and may form direct hydrogen bonds (i.e., without an intermediate water molecule) with Asn 722 through either its carbonyl or hydroxyl group (see Fig. S5, c and d) . In contrast, for simulations of the relaxation of negative supercoils, DNA does not pass over Asp 533 and Arg 364 until the end of the rotation; and even then, it does not disrupt their positions, resulting in the position of TPT remaining virtually unchanged throughout the simulations that mimic relaxation of negative supercoils. Although these observations are results of single trajectories, we postulate that Asn 722 plays a different role in stabilizing TPT during the relaxation of positive-versusnegative supercoils, and we hypothesize that the 722 mutation will render a TPT-resistant topo enzyme for which the drug can dissociate more readily in the presence of positively supercoiled substrates. The simulation results in the position of TPT during DNA rotation, which, taken together with the free energy profiles in the two directions, suggests that TPT inhibits predominantly by slowing down religation, and that, in the case of positive supercoils, the mode of drug binding during rotation is more flexible. However, a complete understanding of this process would require numerous independent trajectories of the relaxation of positive and negative supercoils in the ternary complex to check for consensus.
CONCLUDING DISCUSSIONS
Results suggest the following overall mechanism for DNA supercoil relaxation by human topoisomerase IB (which is shown in Fig. 3) . Initially, supercoiled DNA presents itself to an open-state topoisomerase (modeled in (43)). Topoisomerase recognizes DNA and binds by clamping around it, then a nicking step occurs that cuts the DNA backbone, after which strand rotation ensues. Using umbrella sampling, we have computed the free energy around this rotation coordinate, for both positive and negative supercoils, with and without the inhibitor topotecan with good agreement to measures of DNA relaxation obtained from single-molecule tweezer experiments. What results from our simulations is a rotational ratchet energy surface that is the basis of a quantitative model involving thermally assisted barrier hopping. Torsional stress drives the DNA over the first (high) energy barrier to a transition state, whereby the protein may enter the semiopen conformation or may return to the closed one (while relieving one supercoil). If the protein enters the semiopen conformation, the DNA would not be in position for religation to occur, and assuming sufficient torsional stress remains, the DNA will again rotate, coming again to a transition state after which it may sample the semiopen or closed state. There exists a nonzero probability that the system, once in a free energy minimum (roughly after full-circle rotations), switches to a different pathway. This pathway would be perpendicular to the rotational one we have simulated (one in which the topoisomerase returns to a closed conformation after release of a supercoil), and if this occurs, then religation of the backbone may result, with the release of the DNA by the protein following. Alternatively, it is conceivable that there exist pathways between the closed and semiopen states which do not require the release of supercoils. In the presence of topotecan, the semiopen state undergoes additional deformation at the nick site and the rate of religation is substantially decreased (41) . Additionally, for positive supercoils, the barriers to rotation are substantially increased, creating a stronger inhibition of supercoil relaxation with respect to the negative case.
Direct observation of the topo1 conformational changes correlated with DNA supercoil extension/rotation can likely be achieved in single molecule fluorescence experiments.
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For example, in the case of eukaryotic topo II, single molecule FRET has been used successfully to measure the opening and closing of the protein gate through which DNA passes (44) . One can also imagine combining single molecule fluorescence with optical tweezer techniques. For example, a hybrid experiment, monitoring the energy transfer between FRET pairs attached to either side of the lips region while optical tweezers are used to report on the supercoiling state of DNA, may experimentally test the presence of a semiopen state. In practice, however, several technical challenges will have to be addressed, such as finding appropriate spatial and temporal resolutions, and tuning the localization of distinct signals (45, 46) . Nevertheless, with the advancement of single molecule techniques, future studies should be able to observe concomitantly orthogonal molecular motions (47) . 
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